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Abstract

In order for the ocean to transport heat from the tropics to the

high latitudes it must be supplied with mechanical energy. Previous

estimates of the mechanical energy flux involved assumed that it is

the same as the 2 terawatts required to sustain the general circulation.

This number is significantly larger than the work done by the winds

on the general circulation. If the oceanic heat transport does in fact

require such a large energy supply, this would would imply that tidal

dissipation could affect global climate and that the mechanical energy

supply is a critical feature of the circulation. This paper presents a new

calculation, showing that required energy flux is only approximately

0.15 terawatts, that it can easily be supplied by surface winds, and

that it does not predict the heat transport. Mechanical energy supply

is an interesting diagnostic of the global ocean circulation, but there

is no necessary connection between this energy supply and climate.

1 Introduction

The large-scale ocean circulation plays an important role in maintaining the

earth’s climate. Recent estimates of heat transport show that the oceans

export 3.2 petawatts from the tropics, as shown by the stars in Figure 1a

(Trenberth and Caron, 2002). In the absence of this heat flux, the high lati-

tudes would cool significantly. Indeed, recent work suggests that without this

flux of heat the entire world would freeze over as sea ice spread equatorwards

(Winton, 2003).

What is the underlying energetic mechanism driving this flux of heat?

The fact that a key facet of the the ocean general circulation is the sinking of

cold, dense waters in high latitudes has caused a number of investigators over

the years to consider it a form of convection (Stommel, 1961; Huang et al.,

1992). In this view, the ocean is analogous to a pot of water simmering on a
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stove in which hot water rises along the edges, is cooled as it moves inwards at

the surface, and sinks in the middle. In the Boussinesq approximation of such

a circulation, parcels gain buoyancy b = −gρ/ρ0 (where g is the gravitational

acceleration, ρ the in-situ density and ρ0 is a mean density) at the bottom

of the pot, and lose it at the top. Let w represent the vertical velocity and

let <> denote a horizontal and ̂ a temporal average, In a convective system

the integral

∫ ∫ ∫ ∫
ρ0 × w × b dxdydzdt = ρ0

∫
< ŵb > dz = Qbuoy > 0 (1)

since updrafts (w > 0) carry positive buoyancy and downdrafts (w < 0)

carry negative buoyancy. Qbuoy represents the work done by convection or the

buoyancy work. Buoyancy work drives the mean circulation in a simmering

pot, the earth’s mantle, and in the atmosphere. It is a useful quantity in

that larger buoyancy work in general implies a more vigorous circulation and

thus a larger atmospheric heat transport.

A major point of this paper is that energy is not a particularly useful

way of thinking about the ocean circulation. As we will show, there is no

simple relationship between heat transport and energetics- so that thinking

about ocean circulation in terms of heat transport can lead to erroneous

extrapolations.

As pointed out by a number of investigators (Sandstrom, 1908; Huang,

1999; Wunsch, 2002; Papparella and Young, 2002) the global ocean circu-

lation is not a form of convection. The reason is that, with the relatively
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minor exception of hydrothermal vents and geothermal heating, there are no

sources of light water (buoyancy) in the deep ocean. At steady-state then,

the transport of buoyancy across any horizontal surface must be close to

zero < ŵb >= 0. This means that the buoyancy work is zero. In order for

the ocean to circulate in the presence of friction, some additional source of

mechanical energy must be applied.

Munk and Wunsch (1998, henceforth MW98) estimated that this energy

source was approximately 2 terawatts (1 terawatt = 1TW = 1012W). The

work done by the winds on the general circulation is only 0.9TW (Wunsch,

1998). MW98 argue that the remaining 1.1 TW arises from tidal dissipation.

They speculated that changes in the energy supply, especially that due to

tides, could produce major changes in the ocean circulation, and by impli-

cation in the earth’s climate. If true, this would raise significant questions

about the fundamental dynamics of present-day climate models. Such mod-

els do not account for the input of mechanical energy from tides explicitly,

instead parameterizing the impact of tidal dissipation in terms of a diffusion

coefficient.

Does the mechanical energy budget of the oceans provide a critical con-

straint on ocean heat transport (and thus on global climate) which is missing

from climate models? This paper argues that it does not. We show that

1. Only a small fraction of the 2TW required by MW98 to drive the

whole ocean overturning is in fact required to explain the lateral heat

transport.
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2. This fraction can easily be supplied by surface winds.

3. Increasing the supply of mechanical energy does not necessarily imply

an increase in the heat transport.

2 Buoyancy fluxes and heat transport: A new

decomposition

We begin by considering what it means to say that < ŵb >= 0. First, it

does not mean that the actual flow is zero (Papparella and Young, 2002).

As w and b both vary over a range of time scales, < ŵb > can be broken

down schematically into four terms, roughly corresponding to the time scales

involved in the vertical velocities.

< ŵb >≡< ŵb̂ > + < ŵebe > + < ŵcbc > + < ŵtbt >= 0

≡ Mean flow+Mesoscale eddies+Convection+Small-scale Turbulence (2)

Essentially, the first term is the long-term, large-scale mean, the second is

associated with spatial scales of tens of km and temporal scales of days, the

third with spatial scales of tens to hundreds of meters and temporal scales

of minutes, and the fourth with spatial scales of cm and temporal scales of

seconds. Any of these terms can be nonzero, only their sum must vanish.

Integrating these terms over the volume of the ocean yields the total work

associated with each of them.

In coarse-resolution general circulation models used in climate studies

(Griffies et al., 2001) these terms are usually represented by separate rou-

4



tines. The first is handled by the tracer advection routines, The second is

handled by isoneutral diffusion schemes (Gent and McWilliams, 1990; Griffies

et al., 1998; Griffies, 1998). The third term is dealt with by convective ad-

justment and the fourth by parameterizations of small-scale vertical diffusion

in terms of some mixing coefficient (Bryan and Lewis, 1979; Gnanadesikan

et al. (2002).

This decomposition can be justified if one thinks of the various processes

as occupying different locations in wavenumber-frequency space. Insofar as

we are looking at the long-term mean and globally integrated budgets, only

those components which have nearly identical frequencies and wavenumbers

will contribute to a spatiotemporal average. This is particularly important

insofar as we are considering coarse models, which essentially assume some

separation between advection on scales of the grid and that on scales of the

much smaller mesoscale eddies. Our decomposition would be much more

difficult if we were considering models which resolved the advective flows

associated with mesoscale eddies.

We can use this decomposition to come up with a new estimate of the me-

chanical energy supply involved in heat transport by following the following

train of reasoning.

1. Heat transport must involve the loss of heat in high latitudes.

2. This heat loss is associated with convection.

3. Convection extracts heat from (on average) the middle of the mixed
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layer and brings it to the surface.

4. Moving heat downward to the middle of the mixed layer requires energy.

5. By estimating the energy loss associated with convection we can then

estimate the work required to maintain this convection- and thus to

maintain the heat transport.

In contrast to MW98, who focus on the first term of equation (2) as the

principal diagnostic of the overturning, we focus on the third term as that

most directly related to heat transport.

The mechanical work associated with the convective term in (2) can be

calculated as follows. By definition, within a mixed layer the temperature,

salinity, and buoyancy are well mixed and change coherently. Since in one

dimension, ∂b/∂t = −∂/∂z < wb >, assuming we have a mixed layer is

identical to assuming the that the vertical flux divergence is constant in z.

Thus within a mixed layer (if one takes an appropriate spatial average <>

over many individual convective cells), one can approximate < wb > as vary-

ing linearly between the surface buoyancy flux and zero at the mixed layer

base. Then < wb >=< wb > |z=0(z + DML)/DML. The surface buoyancy

flux associated with a surface heat flux Q is just gαQ/cp where α = ∂ρ/∂t

the coefficient of thermal expansion and cp is the specific heat. Integrating

< wb > over the mixed layer then gives us equation (3).

Qmech =
gαDML

2cp
Q (3)
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where Qmech is the mechanical work associated with stirring the mixed layer

at some point, α is the coefficient of thermal expansion, cp is the specific

heat, Q is the surface heat flux and DML is the mixed layer depth. When

DML is small (say 100m), |Qmech|/|Q| ∼ ×10−5! That is, the mechanical

energy flux associated with moving heat from point to point in the ocean

is very much smaller than the thermal energy flux involved. We can define

Qcon = Qmech (Q < 0) as a convective energy demand associated with the

heat transport.It is an interesting fact that including convective entrainment

at the mixed layer base actually decreases the convective energy demand

slightly. Similarly, we can define the mixed layer potential energy demand

Qmix = −Qmech (Q > 0) as the amount of energy needed to stir heat down

into the mixed layer in regions where the ocean is gaining heat.

We can obtain an estimate of the convective energy demand and mixed

layer potential energy demand by examining observed heat fluxes and mixed

layer depths. Figure 2a shows the Qcon when surface fluxes Q are given by

the dataset of Josey (1999) and mixed layer depths Dml given by the World

Ocean Atlas (Levitus and Boyer, 1998). A Qcon value of 10 mW/m2 does

not imply that this energy must be added locally. Figure 2a simply shows

what individual regions contribute to the global demand. The sum of the

mechanical energy fluxes is shown in Table 1, and compared with the fluxes

associated with wind stress. The total work associated with convection is

only about 0.15 TW, while that associated with stirring the mixed layer

(Figure 2b) is about 0.2 TW. This value is almost an order of magnitude
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smaller than the work done by the winds on the general circulation.

The difference between our estimate of 0.15 TW and the MW98 estimate

of 2TW arises from our focus on the work associated with the heat transport

— which is largely confined to the surface ocean. Recent work by Talley

(2003) argues that the deep circulation transports 0.14 PW southwards across

30S, with southward transports decreasing as we move northwards. This

is only 5% of the tropical heat export. By contrast MW98 consider the

buoyancy work only within the deep ocean. In the deep ocean, eddy and

convective fluxes are essentially zero and ŵtbt is directly related to the local

dissipation of kinetic energy ε. The constant of proportionality between the

two is the mixing efficiency γ. For stratified flows, in which the mixing is

dominated by breaking internal waves γ ≈ 0.2 (Oakey, 1982; Polzin et al.,

1995) so that

< ŵb̂ >≈ 0.2 < ε > (4)

This means that the work required to drive the deep circulation Qdeep is

Qdeep ≡
∫

εdz ≈
∫

5∗ < ŵb̂ > dz (5)

where the integral is performed over the entire abyssal ocean. The 2 TW

associated with the deep circulation comes about because volume of integra-

tion is much larger than for Qcon and Qmix, and because the efficiency γ is

low. This illustrates why thinking about the ocean circulation in terms of

energy is not straightforward. Not all energy inputs have equivalent impacts

on heat transport.
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The mixing efficiency is also low in the mixed layer, so that the 0.2 TW

mixed layer potential energy demand may require a substantially larger en-

ergy flux. However, in constrast to the ocean interior, the mixed layer has

access to substantial amounts of turbulent kinetic energy. For example, the

direct turbulent input to waves has been estimated as 100 ρu3

∗
(Agrawal et

al., 1992) where u∗ = (τ/ρ)1/2 is around 0.01 to 0.02 m/s for most of the

oceans. A rough estimate we made using winds taken from the NCEP re-

analysis data set (Kalnay et al., 1997) showed that this term was of order

100 TW, much larger than needed to mix the surface ocean.

In order to obtain more insight into whether or not these numbers ac-

tually tell us anything about the ocean circulation, we now turn to two

comprehensive, coarse-resolution ocean general circulation models.

3 Model description

The models used in this paper are implemented using the Geophysical Fluid

Dynamics Laboratory Modular Ocean Model, v.3. (Pacanowski and Griffies,

1999). The model is run at a nominal resolution of 4.5 latitudinal and 3.75

longitudinal resolution with 24 staggered vertical levels ranging from 25m

thick at the surface to 450m thick at depth. Two implementations of the

model were run:

1. PRINCE2: Model PRINCE2 is built from the KVHISOUTH+AILOW

described in Gnanadesikan et al. (2002). In model KVHISOUTH+AILOW,

the base topography has a wide Drake Passage. Wind stresses are given
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by the dataset of Hellermann and Rosenstein (1983). Surface heat and

salt fluxes are derived by a combination of applying heat fluxes from

the data set of daSilva et al. (1994) and restoring the surface tempera-

ture and salinity to the monthly Levitus ocean atlas (1994) with a time

scale of 30 days. Vertical diffusion is given by the profile of Bryan and

Lewis (1979), going from 0.15 cm2/s in the surface ocean to 1.3 cm2/s

in the deep ocean with a relatively value (1.0 cm 2/s) at all depths in

the Southern Ocean (Polzin, 1999).

Model PRINCE2 makes the following changes to KVHISOUTH+AILOW.

First, at four grid points around Antarctica during the winter months,the

restoring salinities are changed so as to ensure that the observed values

of Weddell and Ross Sea bottom waters are actually found at the sur-

face. Secondly, the value of the vertical diffusivity within the pycnocline

is increased from 0.15 to 0.3 cm2/s.

2. PRINCE2A: Model PRINCE2A has the same changes to the surface

restoring around Antarctica as model PRINCE2, but it does not include

the change in vertical diffusivity. Instead, the surface wind stresses

are changed from the Hellermann wind stress product to the ECMWF

analysis (Trenberth et al, 1989), which gives higher wind stresses in

the Southern Ocean and lower wind stresses in the tropics. Drake

Passage is narrowed by one grid box to make it more realistic.The

vertical diffusivity is increased in the top level of the model to produce
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more realistically deep mixed layers. Finally, it was found that the ”flux

corrections” computed by restoring surface salinity and temperature to

observations in many locations were in the opposite direction of the

applied fluxes. This was particularly true in the Southern Ocean. The

(apparently biased) applied fluxes were changed by adding the restoring

correction computed from a 400 year-long run.

Figure 3 shows that the models reproduce the horizontally-averaged tem-

perature, salinity and radiocarbon distributions quite well. The errors in all

three fields are small in comparison to the observed range and all major fea-

tures are captured. Both models represent credible solutions for the ocean

circulation, with reasonable rates of vertical exchange.

4 General Circulation Model Results

In addition to the observational estimate of lateral heat transport, Figure

1 shows heat transports in PRINCE2 and PRINCE2A. Heat transport in

the PRINCE2 model is very close to the observations (Table 1), while the

PRINCE2A model has a much weaker lateral heat transport. It might be

expected that the increased diffusivity in PRINCE2 was the primary driver

of the 1.1 PW difference in heat transport. However, examination of the

heat transport in the model suite from which these runs were spun off shows

that even with low values of diffusion, the Hellermann winds produce a heat

export of 2.95 PW. Moreover, a much larger increase in vertical diffusion to

0.6 cm2 produces an increase of heat export of 0.9 pW, leading us to conclude
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that the change in diffusion accounts for at most 1/4 of the difference between

PRINCE2 and PRINCE2A (Gnanadesikan et al., 2003).

The vertical heat fluxes in these two models can be broken down into

components due to advection, subgridscale eddy fluxes (both vertical and

horizontal) and convection (Figure 4a). Zonal averages of Qcon and Qmix

from the models are compared with the observational estimates in Figures

4b and 4c, and show decent qualitative agreement.

The first important result to emerge from Figure 4 is that the total vertical

advective flux of heat (corresponding to < ŵb > in equation 1) is downwards

in both the models. It is this downward advection of heat, not the upward flux

due to subgridscale parameterization of mixing (corresponding to the sum of

the eddy and turbulence terms in 1) that balances convection. While this

has been noted in one previous model study (Gregory, 2000) the implications

for ocean energetics were not explored.

The fact that the advective heat transport is downward (and that as

a result so is the buoyancy transport) has important implications. If the

ocean is hydrostatic and velocities vanish on the boundaries (as is the case

in these models), then if the velocities in the x,y, and z direction are u,v,

and w, p is pressure, and subscripts denote differentiation one can show that

the buoyancy work must represent the work done by the horizontal pressure

gradients on the mean flow.

∫
< ŵb̂ > dz =

∫
< ŵp̂z > dz = −

∫
< ŵzp > dz =
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∫
< ̂(ux + vy)p > dz = −

∫
< ûp̂x + v̂p̂y > dz (6)

A downward transport of heat and buoyancy implies that this must be nega-

tive, so that pressure gradients must work against the mean flow. Geostrophic

flow is by definition along the pressure gradient, and so does not contribute

to the pressure work. Frictional flows driven by pressure gradients move from

high to low pressure, resulting in positive rather than negative pressure work.

Only the wind-driven flow in the mixed layer, which converges water into the

subtropical highs, represents a large source of negative pressure work.

Note that if we integrate over the mixed layer, where we assume pressure

gradients and geostrophic flows are essentially constant, we get

< −(τ ypx/ρf) + τxpy/ρf >=< ~τ ∗ ~ug > (7)

so that the pressure work is equivalent to the work done by the winds on the

geostrophic current. In our models surface winds are not only sufficiently

energetic to drive the heat transport, they are the only process that has the

correct sign to explain the advective flux of heat and buoyancy.

A second important result is that the mechanical energy supply is not

a good predictor of the lateral heat transport. In fact, the model with the

larger vertical transport of heat (and thus the large convective energy de-

mand) has the smaller lateral transport of heat. As can be seen in Figure

4d (which shows τ ∗ u) in the two models, PRINCE2 has a larger input of

mechanical energy in the tropics, while PRINCE2A is larger in the Southern

Ocean. The Southern Ocean dominates the global input of wind energy so
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that PRINCE2A exhibits a larger vertical transport of heat (as would be ex-

pected from previous work suggesting that the large scale overturning circula-

tion is wind-driven). However, the small change in energy input in the tropics

is more important for lateral heat transport. This is because the lateral flows

in the mixed layer associated with wind stress scale as τ/sin(latitude), and

so small changes in absolute magnitude of the wind stress at the equator

have a much larger impact than large changes in the Southern Ocean. Once

again, not all energy inputs are equal.

A third important result is that the subgridscale fluxes are essentially

equal in both models, despite the fact that one model has a higher vertical

diffusion than the other. This result points out the important role played

by parameterized mesoscale eddies in these models. Mesoscale eddies act

to flatten isopycnal surfaces (Gent and McWilliams, 1990; Gnanadesikan,

1999). This results in an ”eddy-induced” advective flow in which cold, dense

water descends and warm, light water ascends. Below the mixed layer, the

dominant balance is between downward advection of heat associated with

the mean flow, and upward advection of heat induced by the eddies.

A final result important result is that the horizontally averaged advective

flux of heat is actually negative down to 2500m in the models. The classic

picture of upward advection and downward diffusion of heat (Munk, 1966)

holds only over a fraction of the ocean and is associated with relatively weak

fluxes of heat. This contrasts with estimate that 2TW of energy are needed

to maintain the deep stratification against upwelling assumes that a large
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amount of water (30 Sv) upwells through the deep stratification.However it is

not clear that such large fluxes are actually necessary. Webb and Suginohara

(2001) make the point that the actual buoyancy flux in the deep ocean may

be quite weak, with only 5-6 Sv of deep water upwelling across isopycnals

rather than the 30 Sv of MW98. Vallis (2000) finds that an idealized model

of ocean circulation can support deep stratification as abyssal mixing goes

to zero, as the flow across the stratification also goes to zero.Insofar these

pictures actually describe the deep ocean, tides need not do a lot of work

in the deep ocean. This implies that winds, rather than unresolved tidal

processes play a dominant role in climate.

5 Conclusions

.

The approximately 3 PW of lateral heat transport involves relatively

small vertical excursions. As a result it requires a very small input of me-

chanical energy (0.15 TW). In comprehensive general circulation models this

energy is efficiently supplied by the winds. Insofar as coupled models of

climate change capture changes in wind stress, they would be expected to

capture changes in heat transport as well. The deep circulation, by contrast,

involves very small fluxes of heat which are inefficiently driven by diffusion

over large vertical scales.While it may require a significant amount of energy,

it does not directly affect the transport of heat. While mechanical energy

demand is an interesting diagnostic of the ocean circulation, it depends on
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the vertical scale of circulation as well as the heat flux carried by the circu-

lation. This means that it cannot be used to predict lateral heat transport

and its impact on climate.

It is possible that deep mixing may play a role in climate, but this role is

likely to be indirect. In the Southern Ocean, upwelling of warmer Circumpo-

lar Deep Waters plays a role in determining sea ice extent and thus surface

albedo. The rate of vertical exchange in the Southern Ocean also has impor-

tant implications for atmospheric carbon dioxide (Toggweiler et al., 2002).

Insofar as deep mixing can affect the properties of the deep ocean, it may

play a role in such climatically important processes- it is impossible to draw

more robust conclusions without more evidence. However, it is clear that the

location and strength of the mean wind stress excercises a primary control

on the oceanic heat transport, and thus on global climate.
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Data PRINCE2 PRINCE2A
Tropical Heat Export (PW) 3.23 3.12 2.15

Convective Energy Demand (TW) 0.15 0.19 0.28

Mixed Layer PE Demand (TW) 0.2 0.07 0.14

Direct Wind Input (~τ ∗ ~ug, TW) 0.88 0.66 0.85

Total wind input 1.03 1.18

(~τ ∗ ~u)
Direct Wind Input (South of 20S) 0.63 0.51 0.64

Direct Wind Input (20S-20N) 0.13 0.08 0.12

Table 1: Energy transports, sources and sinks in data and models. Data
reported here for the first time are shown in boldface. ”Observed” tropical
heat exports are taken from Trenberth and Caron (2001).Observed direct
wind input numeters are taken from Wunsch (1998).

Figure 1: Lateral and vertical heat transports. North-south heat transport
in data (stars) and two coarse-resolution general circulation models.
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Figure 2: Energy fluxes in millwatts/m2 implied by surface fluxes and mixed
layer depths. (a) Mechanical stirring required to supply convection when
there is net cooling. (b) Mechanical stirring needed in regions with net
heating to homogenize mixed layer depth.
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Figure 3: Demonstration that the two models presented here have a rea-
sonable representation of the large-scale ocean structure. (a) Horizontally
averaged temperature in data (stars) and the models. (b) Horizontally av-
eraged salinity. (c) Radiocarbon in per mil averaged over the Pacific Sector
(110E to 100W and 60S to 60N).
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Figure 4: (a) Vertical heat fluxes due to advection, subgridscale mixing,
and convection in the two models shown in Figure 1. (b) Zonally integrated
convective energy demand in data and the two models. (c) Zonally integrated
mixed layer PE demand in the two models. (d) Wind stress input (τ ∗ ~u) in
the two models.
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